The present authors have investigated the changes in adhesion of electroless Ni-P plated films on an aluminum alloy substrate (JIS A2017P-T3, Al-4 mass%Cu) from the viewpoint of the preceding zincate treatment and the subsequent heat treatment. The precipitation state of zinc and adhesion of Ni-P plated film differed with the number of zincate treatments. Without zincate treatment, some of the Ni-P plated film peeled off during the plating process, and the film obtained after the single zincate treatment also showed poor adhesion to the substrate. The highest adhesion was obtained by the double zincate treatment, and the triple zincate treatment resulted in a poorer adhesion. Existence of aluminum at the surface of the zincate film was shown to be necessary to obtain higher adhesion of the Ni-P plated film, on the other hand, excess zinc obtained by the triple zincate caused lower adhesion. Interdiffusion of aluminum and nickel between the Ni-P plated film and the substrate through the medium of zincate film with an appropriate thickness is thought to promote strong bond between the Ni-P plated film and the substrate.
Introduction
Industrial application of aluminum alloys are expanding for the adventages of their light weight, workability, and excellent corrosion resistivity. In order to improve their surface properties such as wear resistivity or ornamentation, plating on aluminum alloys has been commonly adopted. Since aluminum is such an active element as to be oxidized and passivated in water as well as in air, the loss of adhesion of the plated film to the substrate due to oxide film is one of the problems in the process. 1) One of the solutions for gaining high adhesion is the double zincate treatment 2) which consists of repeating a conversion treatment by alkaline zinc solution twice preceding the plating.
As one of the measures to improve surface properties of aluminum alloys, Ni-P plated films obtained by electroless plating [3] [4] [5] [6] [7] [8] is promising because they exhibit hardness of $HV600 and excellent wear resistivity. The film has a potential application to the coating of inner surfaces of cylinders in engines of aluminum alloys subjected to sliding abrasive wear, when combined with the dispersion of hard particles 9) such as SiC, TiC, WC, Al 2 O 3 , or BN. Here, the process should take advantage of the double zincate treatment for the improvement of adhesion of electroless Ni-P plated films to substrates. For much higher adhesion, heat treatment at 403 AE 10 K for 3.6-5.4 ks as an aftertreatment of plating is defined in JIS H 8645, and the present authors have proposed heating by laser irradiation. 10) In a few previous researches [11] [12] [13] [14] [15] on zincate treatment for aluminum alloy substrates, morphology of zinc particles and anchoring effect due to roughening brought by dissolution of the substrate have been reported to affect adhesion of the Ni-P plated film to the substrate. Although behavior of zinc has been considered to be important for understanding adhesion of the film to the substrate, its detailed mechanism remains unknown. In this research, quantitative measurement of adhesion of electroless Ni-P plated films to an aluminum alloy substrate was conducted. Also, influences of heat treatment and zincate treatment conditions on adhesion of the film to the substrate were discussed on the basis of surface analyses.
Experimental Procedure
A rolled aluminum alloy (JIS A2017P-T3) of 1 mm-thick was used as substrate whose chemical composition is shown in Table 1 . The rolled sheet was cut to platelets of a dimension of 30 Â 30 mm 2 , then polished to a mirror finish by buffing for eliminating anchoring effect on adhesion of the Ni-P plated film to the substrate and for enhancing the changes of the adhesion with respect to the zincate treatment condition. Pretreatments shown in Table 2 were carried out preceding to the electroless Ni-P platings to clarify the effect of zincate treatment on adhesion of the plated film to the substrate. In the pretreatment, the passive oxide film of aluminum and the zincate film were removed by the mixture of nitric and hydrofluoric acid solutions, and 5% nitric solution, respectively. A commercial zincate solution (Japan KANIGEN Co. Ltd., SUMER K-102) and an electroless Ni-P plating solution (Japan KANIGEN Co. Ltd., S-754) were used for the treatments. Each zincate treatment was carried out at 298 K for 30 s, and the electroless Ni-P plating at 363 AE 3 K for 7.2 ks. The content of phosphorus and the averaged thickness of the Ni-P plated film obtained under the above conditions were 9 AE 0:5 mass% and 20 mm, respectively. In addition to as-plated specimens, those heated according to JIS H 8645 (at 403 K for 5.4 ks in air) after the plating were prepared to investigate the effect of heat aftertreatment on adhesion of Ni-P plated films to the substrate.
Next, a 90 peeling test was carried out for quantification of adhesion strength of Ni-P plated films to the substrate as shown in Fig. 1 . 16) Before the peeling test, the specimens were coated with copper film of 50 mm-thick by electro plating in copper sulfate solution for reinforcement of the Ni-P plated films. Two lines of cut with the interval of 10 mm were introduced on the copper-coated surface, and a part of the film was peeled from the edge of the substrate for chucking. Then, the tensile test was carried out for the substrate fixed on the slider with the cross head speed of 0.5 mm/s. The peeled planes of the substrate and the film were analyzed by electron probe micro analysis (EPMA). Quantitative analysis by EPMA was conducted at arbitrary 10 points on each peeled plane of the Ni-P plated film and the substrate with the probe diameter of 30 mm. The surfaces of the substrates after zincate treatments were observed by field emission scanning electron microscopy (FE-SEM), then analyzed by field emission scanning Auger electron spectrometry (FE-AES). Moreover, chemical analysis on the zincated surface was conducted by X-ray photoelectron spectrometry (XPS). Figure 2 shows the appearance of the peeling test and the specimen after the test. The angle between the substrate and the peeled film was kept constant by the sliding setup during the peeling, and a load-displacement curve obtained by this scheme is shown in Fig. 3 . The peeling force was almost constant, and the maximun value in a curve was defined as the adhesion strength of the specimen. Figure 4 shows the data obtained by the peeling tests. Without zincate treatment, the adhesion strength was poor for both as-deposited and heat aftertreated specimens. Although the adhesion strength was still poor for the single zincate treatment, it was improved up to 350 N/m by heat aftertreatment. The highest adhesion strength was obtained by the double zincate treatment, then the triple zincate treatment caused a decrease by 40%. For the double and the triple zincate treated specimens, the effect of heat aftertreatment was rather small ($8%). 
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Adhesion strength of Ni-P plated film to substrate
Surface analysis after peeling test
After the peeling tests, surfaces of the Ni-P plated films and the substrates were analyzed by EPMA. Figure 5 shows the averaged concentrations on the peeled planes of the films and the substrates for as deposited and heat aftertreated specimens. Without zincate treatment [ Fig. 5(a) ], heat aftertreatment did not cause any change for the peeled plane of the Ni-P plated film and the substrate. For single zincate treatment, the peeled plane of the substrate and the film contain nickel and aluminum, respectively. Zinc was also detected on both peeled plane of the Ni-P plated film and the substrate. However, the effect of heat aftertreatment was little as the case without zincate treatment. For double zincate treatment, concentration of aluminum on the peeled plane of the film was higher than that for single zincate treatment, and was also increased by heat aftertreatment. Although the amount of nickel on the peeled plane of the substrate was higher than that for single zincate treatment, it was rather decreased by heat aftertreatment. Comparing with the case of double zincate treatment, triple zincate treatment raised the amount of zinc on the peeled plane of both the substrate and the film, but the amount of aluminum on the film was almost the same. However, the amount of nickel on the peeled plane of the substrate became almost twice that of the case of double zincate treatment.
For further investigation on the peeled surface, morphology observation and area analysis were conducted by using EPMA for the film and the substrate. Without zincate treatment, little amount of aluminum on the film and nickel on the substrate was detected [ Fig. 6(a) ]. Single zincate treatment increased the amount of these elements on the peeled surface [ Fig. 6(b) ], and further increase was obtained heat aftertreatment. Grain boundaries on the substrate were more deeply grooved and enriched by nickel than that obtained by single zincate treatment. Figure 7 shows secondary electron images of the surfaces after pickling and subsequent zincate treatments. After pickling, the surface is covered with fine particles ($50 nm) and pits can be observed [ Fig. 7(a) ]. The surface after the single zincate treatment [ Fig. 7(b) ] consists of spherical particles of $100 nm in diameter, and that after double zincate treatment increased smoothness [ Fig. 7(c) ]. Triple zincate treatment still keeps the surface smooth, but the zincate film seems to have increased its thickness compared with that of double zincate treatment, showing pits through which the underlying layer or the substrate can be observed [ Fig. 7(d) ]. Auger electron spectra for each zincate film are shown in Fig. 8 . After pickling by the HNO 3 þ HF solution, the surface became Cu-rich as shown in Fig. 8(a) . For single zincate treatment, both the prominent particles and the lower ones showed almost the same profiles, and the detected elements were oxygen and zinc [ Fig. 8(b) ]. After double zincate treatment, aluminum was detected at both the particles and smooth area on the zincate film as shown in 8(c) . The triple zincate film contains aluminum and iron on the surface, but the amount of aluminum is reduced as shown in Fig. 8(d) . Here, the detected iron is due to the iron complex in the zincate solution added for uniform precipitation of zinc. Figure 9 shows X-ray photoelectron spectra of the detected elements on the zincate films (C 1s, O 1s, Al 2p, and Zn LMM). As shown in Fig. 9(b) and (d) , oxygen and zinc slightly change the state with respect to zincate treatment.
Surface analysis on zincate film
Although the single zincate film shows no meaningful amount of aluminum [ Fig. 9(c) ], the double zincate treatment brings peaks of aluminum indicating an oxide state and a metallic one. Similar to the results obtained by FE-AES (Fig. 8) , the amount of aluminum on the triple zincate film was reduced compared with that of double zincate film.
Discussion
In hitherto trials for the peeling test of Ni-P plated films on aluminum alloys, as rolled surface with excessive adhesion strength resulted in rupture of the films due to anchoring effect of hairlines on the substrate. However, polishing the surface to a mirror finish well suppressed the effect, which enabled the peeling test. Among a few previous studies on quantitative measurement of adhesion strength of plated films to substrates, this measurement is advantageous especially for substrates on which adhesion of plated films is rather poor.
From Fig. 4 , heat aftertreatment increases the adhesion strength for every zincate treatment condition. Although the difference between the temperature of electroless Ni-P plating process and that of heat aftertreatment was 40 K, it is thought that interdiffusion of elements between the substrate and the Ni-P plated film was accelerated, eventually, the interface was further metallurgically bonded and reinforced during heat aftertreatment. Among the detected elements, variation of the amount of aluminum on the peeled surface of the Ni-P plated film depending on zincate treatment and heat aftertreatment is marked as shown in Fig. 5 . While the amount of aluminum on the peeled surface of the Ni-P plated film is increased by heat aftertreatment, that of nickel on the substrate is reduced. This means the interdiffusion of elements by thermal assist reinforces the interface between the Ni-P plated film and the substrate, and the fracture takes place in the substrate or its adjacent region.
Concerning the morphology on the peeled surfaces, grain boundaries of the substrate are deeply grooved, and the Ni-P plated film shows convex curves enriched by aluminum, which correspond the grain boundaries on the substrate. Thickness and concentration of the transition layer are thought to change according to zincate treatment conditions among which the best interface structure between the Ni-P plated film and the substrate which exhibit the highest adhesion strength is obtained by the double zincate treatment. That is, the single zincate treatment forms poorly bonded interface which might contain a passive oxide layer, and the interface obtained by the double zincate treatment possesses the highest strength among the specimens. Then, the triple zincate treatment brings about thicker transition layer, suggested by the slight increase of zinc in Figs. 5(c) and (d), in which fracture tends to occur compared with that obtained by the double zincate treatment.
Auger electron and X-ray photoelectron spectra (Figs. 8 and 9) suggest difference in structure of the zincate films. While there is no meaningful amount of aluminum on the single zincate film, zincate films obtained by the double and triple zincate treatments show metallic state of aluminum as well as oxide one. If the peaks in the double and triple zincate films originate from aluminum once dissolved into the zincate solution and contained as hydroxide in the films, it should be detected also on the single zincate film. Therefore, aluminum is thought to have diffused from the substrate to the surface through the zincate film. Moreover, since thicknesses of the zincate films estimated from the morphology in Fig. 7 ($10-100 nm) are larger than the typical analyzing depth of AES and XPS ($10 0 nm), the peaks of aluminum in Figs. 8 and 9 do not contain any signals from the substrate. From these considerations, the double and the triple zincate films are thought to have sufficient metallurgical bonds with the substrate which permit aluminum atoms to diffuse into the zincate films. The bond between the zincate film and the substrate is considered to be indispensable for higher adhesion strength of the subsequently formed electroless Ni-P plated film, while the single zincate film covers the substrate with little metallurgical bond toward the substrate, on which the Ni-P plated film shows poor adhesion.
Conclusion
The main results obtained in this study can be summarized as follows.
(1) Polishing the substrate to a mirror finish well suppressed the excessive anchoring of the electroless Ni-P plated film to the substrate of aluminum alloy (Al-4 mass%Cu), which made it possible to conduct the 90 peeling test for quantifying adhesion strengths. (2) By quantification of adhesion strength of the film to the substrate, conditions of zincate treatment as well as heat aftertreatment were shown to be important for gaining high adhesion. (3) Interdiffusion of elements between the Ni-P plated film and the substrate through the medium of zincate film during the electroless plating is thought to be the main factor in determining the adhesion strength. The highest adhesion strength is obtained by the double zincate treatment, where a zincate film with an appropriate thickness and metallurgically well-bonded structure is thought to form on which aluminum is detected by AES and XPS.
